Vascular endothelial growth factor-A (VEGF) is a major regulator of blood vessel formation and pathological processes.^[@R1]^ As a key proangiogenic factor for endothelial cells (ECs), VEGF regulates their proliferation, migration, and survival.^[@R1]^ During adulthood, the majority of ECs within vasculature remain quiescent^[@R2]^ and only proliferate after angiogenic activation, mostly via VEGF stimulation.^[@R1]^
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MicroRNAs (miRNAs), important regulators of gene expression,^[@R3]^ modulate a wide range of biological processes, including angiogenesis.^[@R4]^ Although a large fraction of miRNAs is constitutively expressed, others can be dynamically regulated in ECs in response to a variety of stimuli.^[@R5]--[@R10]^ However, the mechanisms by which different factors regulate the expression of specific miRNAs in ECs, in comparison with other cell systems, have not yet been studied and remain an area of considerable interest.

The miR-17--92 cluster is a polycistronic miRNA gene encoding 7 miRNAs.^[@R11]^ The cluster was initially described as an oncogene and was later demonstrated to drive key physiological responses during development and disease.^[@R11],[@R12]^ Several laboratories, including ours, have shown that human ECs exhibit low baseline levels of miR-17--92 cluster members in quiescent condition that are induced on VEGF stimulation.^[@R5],[@R9],[@R10]^ However, the mechanism by which VEGF stimulates the expression of the miR-17--92 cluster has not yet been examined. Members of the miR-17--92 cluster have been implicated in controlling different EC functions.^[@R6],[@R9],[@R13]--[@R15]^ However, the role of miR-17--92 cluster in regulating angiogenic EC functions is unclear and there is no genetic evidence for the role of endothelial miR-17--92 cluster in angiogenesis. Here, we report the mechanism by which VEGF stimulates the expression of the miR-17--92 cluster in ECs and the effect of endothelial postnatal genetic inactivation of this cluster on angiogenesis.

Methods
=======

Cell culture (extended), inhibition of miR-17--92 cluster in vitro, silencing RNA knockdown of Elk-1 or PTEN (phosphatase and tensin homolog), vector construction, transient transfection and reporter gene assay, RNA isolation, quantitative reverse transcription polymerase chain reaction, Western blot analysis, bioinformatics analysis (promoter analysis, transcription factor prediction, and miRNA target prediction analysis), chromatin immunoprecipitation assays, gene expression polymerase chain reaction array, flow cytometry analyses of apoptosis and bromodeoxyuridine incorporation, cell number assessment, fibrin gel bead assay, mice (extended), mouse lung and retina EC isolation, mouse retina vascular system analysis, tumor-induced neovascularization, ear angiogenesis, and statistical analysis are described in the online Data Supplement.

Cell Culture
------------

Human umbilical vein ECs (HUVECs) were obtained from the tissue culture core laboratory of the Vascular Biology and Therapeutics program (Yale University, New Haven, CT). Human aortic ECs were from Lonza, Allendale, NJ.

Mice
----

To generate inducible vascular EC--specific miR-17--92 iEC-KO mice, we crossed miR-17--92^flox/flox^ mice^[@R16]^ with a tamoxifen-inducible expressed Cre-recombinase (Cre-ERT2) under the regulation of vascular endothelial cadherin 5 promoter^[@R17]^ to achieve specific inactivation of miR-17--92 cluster in ECs.

Results
=======

Regulation of MiR-17--92 Cluster Expression by VEGF
---------------------------------------------------

To analyze the effect of VEGF on miR-17--92 expression in ECs, we first measured the levels of miR-17--92 cluster primary transcript (pri-miR-17--92) in quiescent freshly isolated HUVECs and on stimulation with VEGF. Primary transcript levels were barely detectable in quiescent cells (*t*=0 hours), but strongly stimulated when ECs lose their quiescent state after culture in the presence of VEGF-A (*t*=2, 4, and 6 hours; Figure [1](#F1){ref-type="fig"}A). Concomitantly, the levels of all 7 components of the cluster were increased on VEGF stimulation (Figure [1](#F1){ref-type="fig"}B). As the miR-17--92 cluster is conserved in the mouse genome, we also established that the loss of quiescence in freshly isolated mouse ECs via stimulation with VEGF was accompanied by an induction of pri-miR-17--92 as well as its 7 mature miRNAs (Online Figure VA). Similarly, the expression of pri-miR-17--92 was also stimulated by VEGF in HUVECs that were previously serum starved (Online Figure IA). Furthermore, when HUVECs were pretreated with actinomycin D, before VEGF stimulation, the induction of pri-miR-17--92 expression was not observed (Figure [1](#F1){ref-type="fig"}C). These data indicate that VEGF transcriptionally induces the expression of the miR-17--92 cluster in ECs.

![**Vascular endothelial growth factor (VEGF) regulates the expression of the microRNA-17--92 cluster through Elk-1 transcription factor.** Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of (**A**) pri-miRNA-17--92 levels or (**B**) different members of miR-17--92 cluster in quiescent freshly isolated human umbilical vein endothelial cells (HUVECs; *t*=0 hours) or after their stimulation with VEGF (50 ng/mL) at the indicated times. **A**, Data are expressed as pri-miRNA levels detected using 2 different primers, pri-miR-17--92 (1) and (2) normalized to 18S rRNA and correspond to the mean±SEM of 3 independent experiments. **B**, Data are expressed as miRNA levels normalized to U6 and correspond to 1 representative experiment out of 3e. **C**, qRT-PCR analysis of pri-miRNA-17--92 levels in HUVECs pretreated with actinomycin D (Act D; 4 μg/mL) for 2 hours before VEGF stimulation. **D**, Luciferase activity of human miR-17--92 promoter (pro 1353) and deletion constructs (pro 975, pro 805, and pro 335). **E**, Western blot analysis of P-Elk-1, Elk-1, and lamin B1 from nuclear extracts. Lamin B1 was used as nuclear-loading control. **F**, Western blot analysis of P-Erk, Erk, and Hsp90 from cytoplasmic extracts of HUVECs or P-Elk-1, Elk-1, and lamin B from nuclear extracts of HUVECs pretreated for 30 minutes with PD098059 (PD; 18 nmol/L) before VEGF stimulation. Hsp90 was used as loading control. **E** and **F**, Representative blots of 1 experiment out of 3 with similar results. **G**, qRT-PCR analysis of pri-miRNA-17--92 levels in HUVECs pretreated PD (18 nmol/L) before VEGF stimulation. **H**, miR-17--92 promoter activity in HUVECs cotransfected with Elk-1 overexpression construct. Effect of Elk-1-binding site deletion on miR-17--92 promoter activity in HUVECs treated with VEGF for 2 hours or cotransfected with Elk-1 overexpression construct. **I**, Luciferase activity of human miR-17--92 promoter in HUVECs transfected with Elk-1 silencing RNA (siRNA) or nonsilencing (NS) control, starved for 12 hours and then treated with VEGF for 2 hours. **J**, qRT-PCR analysis of pri-miRNA-17--92 levels in HUVECs transfected with Elk-1 siRNA or NS control treated with VEGF. **C** and **G**, Data correspond to the mean±SEM of 3 independent experiments. Data correspond to (**D**) 6 or (**H** and **I**) 3 independent experiments. **K**, Quantification of promoter-specific Elk-1 bound antibody was carried by PCR with primers proximal to the predicted binding site of miR-17--92 promoter in HUVECs. GNGT1 and MCL1 promoters are used as negative and positive controls for promoter genes nontarget and target by Elk-1, respectively.^[@R18]^ Data were normalized to input chromatin and expressed as enrichment compared with untreated cells. \**P*≤0.05 compared with vehicle control; \#*P*≤0.05 compared with VEGF alone; \$*P*≤0.05 compared with cotrantrasfection with Elk-1 overexpression+pro 1353.](res-118-38-g001){#F1}

To ascertain the mechanism by which VEGF regulates miR-17--92 cluster expression in ECs, we transfected HUVECs with a luciferase reporter vector harboring 1353-bp upstream of the miR-17--92 gene.^[@R19]^ We observed increased promoter activity in ECs treated with VEGF (Figure [1](#F1){ref-type="fig"}D). In VEGF-stimulated conditions, 5′ deletions of the full-length promoter fragment revealed a reduction in promoter activity with the −805 bp fragment, suggesting the presence of *cis*-acting elements between −975 and −805 bp (Figure [1](#F1){ref-type="fig"}D). Sequence promoter analysis for *cis*-acting elements within this region identified Elk-1 as a potential transacting factor of miR-17--92 promoter activation by VEGF. Elk-1 belongs to the ETS (E-twenty-six) domain family proteins and plays a critical role in gene expression on mitogen stimulation and activation of the mitogen-activated protein kinase cascade.^[@R20]^ Interestingly, we observed an increase of Elk-1 phosphorylation on VEGF stimulation of ECs (Figure [1](#F1){ref-type="fig"}E). PD098059-mediated inhibition of MEK1/2, a direct upstream modulator of extracelular signal regulated kinase (ERK), blocked VEGF-induced activation of both ERK and Elk-1 (Figure [1](#F1){ref-type="fig"}F), and abrogated the VEGF-induced upregulation of pri-miR-17--92 expression (Figure [1](#F1){ref-type="fig"}G). Overexpression of Elk-1 also elicited a stimulatory effect on promoter activity in non-VEGF stimulated conditions (Figure [1](#F1){ref-type="fig"}H). In contrast, stimulation with neither VEGF nor Elk-1 overexpression increased miR-17--92 promoter activity when the Elk-1-binding site was deleted from the promoter reporter construct (Figure [1](#F1){ref-type="fig"}H). Furthermore, silencing of Elk-1 (Online Figure II) significantly reduced VEGF-mediated stimulation of miR-17--92 promoter activity (Figure [1](#F1){ref-type="fig"}I) and pri-miR-17--92 expression (Figure [1](#F1){ref-type="fig"}J). In line with these findings, using chromatin immunoprecipitation analysis, we demonstrated that on VEGF stimulation of ECs, Elk-1 binds to the miR-17--92 promoter region (Figure [1](#F1){ref-type="fig"}K). Taken together, these results indicate that the VEGF/ERK/ELK-1 pathway is involved in the transcriptional regulation of the miR-17--92 cluster in human ECs. In addition to VEGF, fibroblast growth factor 2, a well-documented angiogenic growth factor that stimulates the mitogen-activated protein kinase pathway,^[@R21]^ slightly induced expression of the miR-17--92 cluster in HUVECs (Online Figure IIIA). Altogether, these data indicate that growth factor activation of the mitogen-activated protein kinase pathway is one mechanism to induce expression of miR-17--92 cluster in ECs.

Our results indicate that VEGF stimulates the expression of miR-17--92 cluster in human macrovascular venous ECs (Figure [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B; Online Figure I) as well as in mouse lung ECs (Online Figure VA), which are mostly microvascular. We also tested if the same regulatory mechanisms observed mostly in the venous context were present in arterial ECs. Interestingly, human aortic ECs stimulated with VEGF did not exhibit a significant upregulation of pri-miR-17--92 expression (Online Figure IIIB).

Regulation of EC Angiogenic Responses In Vitro by VEGF-Induced MiR-17--92 Expression
------------------------------------------------------------------------------------

We next assessed if VEGF-mediated upregulation of the miR-17--92 cluster participates in regulating EC angiogenic responses in vitro. Inhibition of the miR-17--92 cluster (Figure [2](#F2){ref-type="fig"}A) resulted in reduced EC proliferation, evaluated by cell number (Figure [2](#F2){ref-type="fig"}B) and bromodeoxyuridine incorporation (Online Figure IVA). To test if induction of cell death mediates the reduction in cell number on miR-17--92 cluster inhibition, apoptosis was blocked by preincubation with the caspase inhibitor z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-\[O-methyl\]-fluoromethylketone). Because zVAD-FMK addition did not affect cell number (Online Figure IVB and IVC), we concluded that the effect on cell number was not because of cell death. By using the fibrin gel bead assay that recapitulates several crucial steps of angiogenesis^[@R22]^ (Figure [2](#F2){ref-type="fig"}C--G), we found that inhibition of the miR-17--92 cluster in VEGF-stimulated conditions decreased cumulative sprout length (Figure [2](#F2){ref-type="fig"}D), number of sprouts per spheroid (Figure [2](#F2){ref-type="fig"}E), and the early formation of branch points (Figure [2](#F2){ref-type="fig"}F). However, inhibition of the miR-17--92 cluster increased the number of detached cells (Figure [2](#F2){ref-type="fig"}G), indicative of vessel regression.^[@R22]^ Taken together, our results indicate that in VEGF-stimulated conditions, miR-17--92 cluster is required for proliferation and angiogenic sprouting, and therefore participates in the angiogenic switch of the quiescent endothelium.

![**Inhibition of microRNA-17--92 cluster decreases proliferation and angiogenic sprouting in endothelial cells.** Human umbilical vein endothelial cells (HUVECs) were transfected with 70 nmol/L mix of miR-17--92 inhibitors (Inh-miR-17--92) or control inhibitor (CI). **A**, Quantitative reverse transcription polymerase chain reaction analysis of individual miR-17--92 cluster members analyzed 36 hours post-transfection. Data are expressed as relative miRNA levels vs CI. **B**, Total number of cells, 24 or 48 hours post-transfection. **C**--**G**, Fibrin gel bead assay was performed 36 hours post-transfection. HUVECs were allowed to undergo morphogenesis for 2 days in the presence of EGM-2 (endothelial cell growth factor medium 2) media containing VEGF (vascular endothelial growth factor). **C**, Representative images of HUVECs bead spheres. **D**--**G**, Quantification of angiogenic sprouting: (**D**) cumulative sprout length, (**E**) number of sprouts, (**F**) number of branch, and (**G**) number of detached cells. Data are expressed as mean±SEM of 3 independent experiments. \**P*≤0.05, compared with cells transfected with CI (Scale, 84 μm).](res-118-38-g002){#F2}

Role of MiR-17--92 Cluster in Angiogenesis
------------------------------------------

Even though the miR-17--92 cluster was among the first miRNAs linked to tumor^[@R14]^ and corpus luteum angiogenesis,^[@R23]^ there is no genetic evidence for the role of endothelial miR-17--92 cluster in angiogenesis. We tested the effect of postnatal inactivation of miR-17--92 cluster in the endothelium of developing mouse retinal vasculature because this is a model highly dependent on VEGF^[@R24],[@R25]^ and useful for analyzing the molecular and cellular mechanisms regulating angiogenesis.^[@R17]^ Interestingly, we found that miR-17--92 cluster is highly expressed in mouse retina ECs at early stages and declines as development proceeds (Online Figure VB). Consistently, several studies have shown that miR-17--92 cluster is highly expressed in mouse embryonic stem cells, with expression levels decreasing during embryonic development.^[@R26],[@R27]^ Furthermore, in a human embryonic stem cell vasculogenesis model, the expression of all members of the miR-17--92 cluster is reduced after 21 days of differentiation.^[@R10]^ These reports support the idea that high levels of miR-17--92 cluster may promote cell proliferation and, therefore, could participate in promoting endothelial angiogenic response.

Endothelial postnatal inactivation of miR-17--92 cluster resulted in significant reduction of miR-17--92 cluster members (Online Figure VC). As such, retinal angiogenesis was impaired, as shown by reduced endothelial coverage and delayed radial outgrowth (Figure [3](#F3){ref-type="fig"}A and [3](#F3){ref-type="fig"}B, [3](#F3){ref-type="fig"}D--3G; Online Figure VI), without affecting growth (Figure [3](#F3){ref-type="fig"}C). Overall, miR-17--92 iEC-KO retinas exhibited significantly less branching, fewer segment numbers, fewer hole numbers, and shorter vessel length (Figure [3](#F3){ref-type="fig"}D--[3](#F3){ref-type="fig"}G; Online Figure VI). Endothelial tip cells, localized at the retinal front during development, are characterized by specialized apical filopodia and are vital for the development of new capillaries.^[@R25]^ miR-17--92 deletion significantly reduced the number of filipodia projections at the leading edge of the growing vascular front (Figure [3](#F3){ref-type="fig"}H and [3](#F3){ref-type="fig"}I). Importantly, the endothelial loss of miR-17--92 decreased proliferation, quantified by nuclear phosphohistone 3 staining (Figure [3](#F3){ref-type="fig"}J and [3](#F3){ref-type="fig"}K) and induced vessel regression, as denoted by an increased number of collagen IV--positive, isolectin B4 (Iso b4)--negative empty sleeves (Figure [3](#F3){ref-type="fig"} L and 3M). Interestingly, the number of apoptotic ECs was similar in control and miR-17--92i EC-KO mice (Online Figure VII). Therefore, premature vessel regression observed in miR-17--92 iEC-KO is likely a consequence of reduced cell proliferation rather than induced apoptosis.^[@R28],[@R29]^ These data indicate that loss of miR-17--92 cluster reduces retinal vascular coverage. These results show, for the first time, that endothelial expression of miR-17--92 cluster regulates normal retinal angiogenesis. Thus, although miR-17--92 is an important proangiogenic signal during embryonic and retinal development, it may also play a role in the mature circulatory system. To ascertain this, we examined the importance of miR-17--92 cluster in VEGF-induced ear angiogenesis. miR-17--92 iEC-KO and littermate controls were injected intradermally into the ear with an adenovirus expressing murine VEGF 164 (Ad-VEGF) and angiogenesis was assessed after 3 days. As expected, VEGF increased the number of angiogenic (platelet/endothelial cell adhesion molecule 1)-positive vascular structures, whereas injection of a control virus expressing enhanced green fluorescent protein (Ad-eGFP) did not. However, the angiogenic response to VEGF was reduced in miR-17--92 iEC-KO mice (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B). We additionally tested the effects miR-17--92 cluster loss in the Lewis lung carcinoma tumor-induced angiogenesis model (Figure [4](#F4){ref-type="fig"}C--[4](#F4){ref-type="fig"}E). Interestingly, and in agreement with the previously described effects of miR-17--92 cluster in the angiogenic responses of ECs, in physiological retinal angiogenesis, and in VEGF-induced ear angiogenesis, a reduction of platelet/endothelial cell adhesion molecule 1--positive structures (in cross-sections; Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D) in the tumor-associated vasculature was observed in miR-17--92 iEC-KO, as well as an overall reduction of tumor growth (weight; Figure [4](#F4){ref-type="fig"}E). Here, we show for the first time that miR-17--92 cluster participates in tumor-induced angiogenesis by regulating VEGF-induced angiogenic EC functions. Altogether, these data suggest that miR-17--92 cluster participates in the regulation of both developmental angiogenesis, as well as angiogenesis during adulthood.

![**Postnatal deletion of microRNA-17--92 cluster in the endothelium reduces developmental retinal angiogenesis.** Effect of postnatal endothelial-specific miR-17--92 cluster deletion on retinal vasculature (mice injected with tamoxifen P1--P3, assessed at P6; control n=10; miR-17--92 iEC-KO n=17). **A**, Retinal whole mounts, isolectin B4 (Isob4 immunostaining representative images. **B**, Radial vessel extension quantification. **C**, Effect of endothelial-specific miR-17--92 cluster deletion on overall growth (weight). **D**--**G**, Quantification of the effects of postnatal endothelial-specific miR-17--92 cluster deletion on retinal vasculature: (**D**) number of branch point, (**E**) number of segments, (**F**) vessel length, and (**G**) number of holes. **H**, Retinal vasculature front, IsoB4 immunostaining representative images (magnification ×63). **I**, Filipodia was quantified as number of filipodia per view. **J**, Retinal vasculature front, IsoB4 and phosphohistone 3 (PH3) immunostaining representative images. **K**, Proliferation was quantified as a ratio of PH3-positive endothelial cells (ECs) to IsoB4-positive vessels. **L**, Retinal vascular plexus, IsoB4 and collagen IV (COL IV) immunostaining representative images. **M**, Vessel regression was quantified as number of empty sleeves COL IV--positive and IsoB4-negative. **J** and **L**, Magnification: ×20. For each retina, 4 images were quantified. Data are expressed mean±SEM.\**P*≤0.05, compared with control littermates.](res-118-38-g003){#F3}

![**Postnatal deletion of microRNA-17--92 cluster in the endothelium reduces vascular endothelial growth factor (VEGF)--induced ear angiogenesis and tumor-induced angiogenesis. A** and **B**, Effect of postnatal endothelial-specific miR-17--92 cluster deletion on ear angiogenesis model. Ad-VEGF or Ad-eGFP were injected intradermally into the right and left ears, respectively of 6-week-old mice (n=6 per group). **A**, Representative images of cross-sections from ears immunostained stained for platelet/endothelial cell adhesion molecule 1 (PECAM-1) and counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Enhanced green fluorescent protein (eGFP) for basal nonstimulated control of infection. **B**, VEGF-induced angiogenesis was quantified as PECAM-1-positive structures. For each animal, 2 images from 3 sections were quantified. **C**--**E**, Postnatal endothelial-specific miR-17--92 cluster deletion on tumor angiogenesis model. Lewis lung carcinoma cells (10^6^) were injected subcutaneously in the dorsal flank of 6-week-old mice (control n=9; miR-17--92 iEC-KO n=6). After 12 days, animals were euthanized and tumor tissues were collected. **C**, Cross-sections from tumors, PECAM-1 and DAPI immunostaining representative images. **D**, Tumor-induced angiogenesis was quantified as PECAM-1-positive structures. For each tumor, 2 images from 3 sections from 2 different tumor pieces were quantified. **E**, Tumor weight. Data are expressed mean±SEM.\**P*≤0.05, compared with control littermates. \#*P*≤0.05, compared with Ad-eGFP control.](res-118-38-g004){#F4}

Targeting Activity of MiR-17--92 Cluster
----------------------------------------

To date, several targets have been described, in ECs, for individual members of the miR-17--92 cluster.^[@R13],[@R15]^ Our data indicate that, as a result of angiogenic activation of ECs, miR-17--92 is transcriptionally stimulated; therefore, the expression of individual member of the entire cluster is increased. As indicated, miR-17--92 cluster consists of 7 highly conserved miRNAs and this complicates the identification of a bona fide unique target that may explain the role of miR-17--92 as a unit. The 7 miRNAs in the cluster can be grouped in 4 different seed families and, therefore, 4 different target specificities.^[@R3]^ To investigate the targets of miR-17--92 cluster that may explain the observed antiangiogenic phenotype after its inhibition in vitro or conditional deletion in vivo, we performed a bioinformatics analysis to identify targets common to the 4 different seeds (Figure [5](#F5){ref-type="fig"}A), conserved between human and mouse, and relevant to ECs (Figure [5](#F5){ref-type="fig"}A). From this unbiased bioinformatics analysis, we identified 4 targets expressed in ECs that are common to the 4 seed families and conserved in human and mouse. On the basis of a bibliographic search of the role of the identified predicted targets, PTEN stands out as a strong candidate to explain the antiangiogenic phenotype observed in vitro on inhibition of the cluster in ECs and in vivo after deletion of the miR-17--92 cluster. Indeed, PTEN has been reported to regulate angiogenesis.^[@R30],[@R31]^ Importantly, the targeting activity of different members toward PTEN 3′ untranslated region is well documented.^[@R11],[@R12]^ Thus, we decided to investigate if the inhibition or the conditional deletion of the cluster on ECs results in an upregulation of PTEN because of the lack of miR-17--92 targeting activity. Our results indicate that PTEN expression (both mRNA and protein) was increased in HUVECs where the miR-17--92 cluster is inhibited (Figure [5](#F5){ref-type="fig"}B). Similarly, protein PTEN levels (major direct effect of miRNA action^[@R32]^) were also increased in mouse lung ECs isolated from tamoxifen-treated miR-17--92 iEC-KO mice (Figure [5](#F5){ref-type="fig"}C). These data suggest that the antiangiogenic phenotype observed both in vitro and in vivo may, in part, be explained through the stimulation of PTEN expression in ECs when miR-17--92 cluster is inhibited. To test if the effects of miR-17--92 inhibition could be completely recapitulated by PTEN targeting, we have overexpressed or silenced PTEN together with inhibition of miR-17--92 cluster. As expected, overexpression of PTEN drastically reduced proliferation of ECs both in control inhibitor condition and on inhibition of miR-17--92 cluster. Concomitant inhibition of miR-17--92 cluster and PTEN overexpression does not further affect proliferation compared with its respective control inhibitor (Figure [5](#F5){ref-type="fig"}D). These findings are in agreement with a previous work that shows that overexpression of PTEN inhibited the proliferative and angiogenic effects of VEGF^[@R30]^ and suggest that overexpression of PTEN overcomes the effects of miR-17--92 inhibition. Conversely, silencing of PTEN significantly increases proliferation (Figure [5](#F5){ref-type="fig"}E). However, although the difference in proliferation between control inhibitor and miR-17--92 inhibitor is ≈20% in nonsilencing control conditions, the defect in proliferation in miR-17--92 inhibition is partially rescued when PTEN is silenced (−11% versus −20%; Figure [5](#F5){ref-type="fig"}E). Because the silencing RNA considerably reduces the levels of PTEN to a similar extent than in control inhibitor condition or after miR-17--92 cluster inhibition, the differences we observe in proliferative responses are likely because of additional targeting activity of the miR-17--92 cluster. To gain a global insight on the effects of miR-17--92 cluster inhibition on angiogenic programs, we performed an expression analysis of genes implicated in the regulation of angiogenesis in HUVECs cultured in the presence of VEGF with or without miR-17--92 cluster inhibitors. As expected, the expression of the negative regulator of angiogenesis thrombospondin 1 was increased on miR-17--92 cluster inhibition^[@R9]^ (Online Figure VIIIA). Overall, by analyzing gene expression with VEGF stimulation, we found that HUVECs with inhibited expression of the miR-17--92 cluster were predicted to have a less angiogenic phenotype than their noninhibited controls. In fact, the expression pattern of most genes analyzed indicates that the pathways of angiogenesis and proliferation of ECs were reduced in EC where miR-17--92 was inhibited (Online Figure VIIIB). Altogether, our present data indicate that VEGF stimulates miR-17--92 to promote angiogenic functions of ECs (Figure [5](#F5){ref-type="fig"}F).

![**MicroRNA-17≈92 (miR-17--92) cluster targeting unit regulates phosphatase and tensin homolog (PTEN) expression and promote and angiogenic phenotype in endothelial cells (ECs**). **A**, Schematic representation of the polycistronic miR-17--92 cluster and its host gene. The 4 seed families are indicated in different colors.^[@R11]^ Common targets for each seed sequence of the miRNA-17--92 cluster were obtained from miRNA target prediction algorithms. Targets common for all the seed sequences of the miRNA-17--92 cluster were found for mouse (16 genes) and human (82 genes). Among the targets common for all seeds, 5 were conserved among human and mouse. The targets in bold are genes that are expressed in ECs.^[@R33]^ **B**, Quantitative reverse transcription polymerase chain reaction (qRT-PCR) and Western blot analysis of PTEN in human umbilical vein ECs (HUVECs) transfected with 70 nmol/L mix of miR-17--92 inhibitors (Inh-miR-17--92) or control inhibitor (CI) for 36 hours. **C**, qRT-PCR or Western blot analysis of PTEN in mouse lung ECs (MLECs) from miR-17--92 iEC-KO or CT mice. Data are expressed as mRNA relative expression. **D**, Total number of cells and Western blot analysis of PTEN in HUVECs cotransfected with PTEN-T2A-EGFP overexpression vector (PTEN overexpression \[OE\]) or empty control (CT OE) and 70 nmol/L mix of miR-17--92 inhibitors (Inh-miR-17--92) or CI. **E**, Total number of cells and Western blot analysis of PTEN in HUVECs cotransfected with PTEN silencing RNA (siRNA) or nonsilencing (NS) control and 70 nmol/L mix of miR-17--92 inhibitors (Inh-miR-17--92) or CI. **D** and **E**, Analysis is 36 hours post-transfection. **B**--**E**, Endogenous PTEN is shown and Hsp90 was used as loading control. **D**, PTEN overexpression fused to the cleaved T2A peptide (PTEN-T2A). Representative blots of 1 experiment out of 3 with similar results. Data are expressed as total number of cells and correspond to the mean±SEM of 3 independent experiments. \**P*≤0.05, compared with CI (**B** and **C**) and \* or \#*P*≤0.05 comparisons are as indicated (**D** and **E**). **F**, Graphic summary. VEGF stimulates the transcription of the miR-17--92 cluster in ECs through the activation of ERK/Elk-1 pathway and regulate VEGF-induced angiogenic functions by targeting PTEN among other targets.](res-118-38-g005){#F5}

Discussion
==========

A growing body of evidence indicates that precise regulation of miRNA expression is critical for diverse physiological and pathophysiological processes. In this study, we have investigated the mechanism by which VEGF regulates the expression of miR-17--92 cluster in ECs to determine its contribution to the regulation of angiogenic functions of ECs. Our present results indicate that the VEGF/ERK/ELK-1 pathway is involved in the transcriptional regulation of the miR-17--92 cluster in ECs. Previous studies in other cell types have shown that the miR-17--92 cluster is transcriptionally regulated by different transcription factors, including c-Myc.^[@R19],[@R34],[@R35]^ Under physiological conditions, c-Myc expression is dependent on mitogens. This control is lost in cancer cells, resulting in elevated levels of c-Myc oncoprotein, which in turn induces the expression of the miR-17--92 cluster.^[@R35]^ c-Myc regulation of the miR-17--92 cluster is not likely to be operative in primary ECs because in normal cells, c-Myc activation triggers the apoptotic program.^[@R36]^ In the context of ECs, it has been reported that histone deacetylase 9 participates in the repression of miR-17--92 cluster,^[@R37]^ therefore, it is possible that histone deacetylase 9 dissociates from the miR-17--92 cluster promoter in VEGF-stimulated conditions. Interestingly, fibroblast growth factor 2 also induced the expression of the miR-17--92 cluster ECs although in a less efficient manner. Given that fibroblast growth factor also stimulates the mitogen-activated protein kinase pathway^[@R21]^ in ECs, it is likely that Elk-1 participate in its transcriptional regulation. However, further investigation is needed to reveal if additional mechanisms are involved in fibroblast growth factor--mediated regulation of miR-17--92 cluster in ECs.

Each vascular bed has unique structural and functional properties. Indeed, ECs lining distinct blood vessels behave differently.^[@R38]^ We have shown that VEGF stimulates the expression of miR-17--92 cluster human macrovascular venous ECs as well as in mouse lung ECs, which are mostly microvascular, but did not affect its expression in arterial ECs. Several lines of evidence suggest a role for hemodynamics in mediating arterial/venous identity;^[@R39]^ however, studies in zebrafish embryos suggest that many artery- and vein-specific properties are epigenetically programmed before the onset of blood flow.^[@R40]^ An epigenetically repressed promoter may explain the lack of upregulation of pri-miR-17--92 on VEGF stimulation in arterial ECs, therefore, suggesting different roles of miR-17--92 depending on the vascular bed. Future investigation is warranted to ascertain the nature of these differences and their physiological relevance.

Previous reports have shown that single overexpression of pre-miR-17, pre-miR-18a, pre-miR-19a, or pre-miR-20a significantly inhibits 3-dimensional spheroid sprouting in vitro, whereas their individual inhibition has an opposite outcome.^[@R15]^ This is in contrast to our present and previous findings^[@R9]^ that indicate that in VEGF-stimulated conditions, miR-17--92 cluster is required for proliferation and angiogenic sprouting, and therefore participates in the angiogenic switch of quiescent endothelium. A possible explanation for these discrepancies is that miR-17--92 levels vary significantly in response to VEGF, suggesting that growth and culture conditions influence basal miRNA expression, and therefore, cluster function in cultured ECs. Given the potential for opposing effects of the miR-17--92 miRNAs depending on cellular compartment,^[@R9],[@R14],[@R15],[@R23]^ we postulated that deciphering the role of this cluster in angiogenic functions in vivo might required a genetic cell type--specific deletion. We generated a mouse model of inducible deletion of the miR-17--92 cluster in the vascular endothelium and we analyzed its effects on models of angiogenesis that are highly dependent on VEGF (eg, retinal angiogenesis, VEGF-induced ear angiogenesis, and tumor-induced neovascularization). Postnatal inducible deletion of the miR-17--92 cluster reduced normal retinal angiogenesis. Because VEGF levels are increased in patients with active proliferative diabetic retinopathy,^[@R24]^ one might speculate that miR-17--92 levels in ECs would increase and lead to pathological angiogenesis. However, in the murine retinopathy of prematurity model, miR-17/20 downregulation in whole retina has been linked to increased angiogenesis and increased VEGF secretion by retinoblastoma cells.^[@R41]^ The proposed targeting effect of VEGF is likely to occur on glial and Muller cells, which are responsible for the majority of VEGF secretion^[@R24],[@R25]^ and not directly on ECs. In fact, one could hypothesize that miR-17/20 downregulation in retinal non-ECs promotes VEGF secretion to induce angiogenic responses in ECs, in part, via miR-17--92 upregulation, as indicated by our present findings. This corroborates the notion that modulation of miR-17--92 expression is specific in different cell types and physiological situations, and governs context-specific and developmental changes in endothelial behavior. However, the miR-17--92 cluster, also known as oncomir-1, is among the most potent oncogenic miRNAs.^[@R11],[@R12]^ Our present data show, for the first time, that miR-17--92 cluster also participates in tumor-induced angiogenesis by regulating VEGF-induced angiogenic EC functions. Altogether, our present work shows that endothelial miR-17--92 cluster regulates both developmental angiogenesis, as well as angiogenesis during adulthood.

The miR-17--92 cluster consists of 7 highly conserved miRNAs, therefore, complicating the identification of a bona fide target that may explain the role of the miR-17--92 as a unit. It is recognized that the coordinated expression of miRNAs belonging to different seed families from a single transcriptional unit suggests functional cooperation.^[@R42]^ Our bioinformatics analysis to ascertain for targets common to the 4 different seeds, conserved between mouse and human and relevant to ECs, identified PTEN as an important candidate to explain the antiangiogenic phenotype observed in vitro on inhibition of the cluster in ECs and in vivo after deletion of the miR-17--92 cluster. Indeed, PTEN inhibits proliferation, vascular sprouting, and endothelial tube formation induced by VEGF.^[@R30]^ The Tie2CrePtenflox/+ mice, with allelic reduction of PTEN, display enhanced tumorigenesis because of an increase in angiogenesis driven by vascular growth factors.^[@R31]^ Our experimental approach to determine if targeting of PTEN is mechanistically involved in promoting the angiogenic phenotype suggests that, in addition to PTEN, the various members of the miR-17--92 cluster cooperatively regulate, either directly or indirectly, a large number of genes affecting EC functions. Their effects are likely to be temporal and context dependent.^[@R42]^ Previous studies on individual members of the miR-17--92 cluster and their effect on angiogenic properties of ECs have characterized integrin α5 or Janus kinase as relevant targets for their reported antiangiogenic function.^[@R13],[@R15]^ In our study, we report a proangiogenic action for the entire miR-17--92 cluster when studied as a single targeting unit. These discrepancies on the role of the miR-17--92 cluster on the regulation of EC functions are not contradictory, if one takes into consideration their context, their expression level, and their individual-dependent actions.^[@R42]^ Altogether, our data and previous studies suggest coexistence of functional cooperation and specialization among members of this cluster that can account for the complex biological functions of this important miRNA cluster in EC biology.
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Novelty and Significance
========================

What Is Known?
--------------

-   Vascular endothelial growth factor (VEGF) controls angiogenesis mainly by targeting the vascular endothelium.

-   The microRNA-17-92 (miR-17--92) cluster consists of 7 highly conserved miRNAs, previously shown to regulate cell proliferation and tumorigenesis.

-   Individual miRNAs of the miR-17--92 cluster can exhibit antiangiogenic activity.

What New Information Does This Article Contribute?
--------------------------------------------------

-   VEGF stimulates the expression of the miR-17--92 cluster in endothelial cells (ECs) by activating the Erk/Elk1 pathway.

-   In vitro loss-of-function studies (miR-17--92 cluster inhibition in human ECs) show that miR-17--92 cluster is required for endothelial proliferation and angiogenic sprouting.

-   Endothelial postnatal genetic inactivation of miR-17--92 reduces physiological retinal angiogenesis during development, and diminishes VEGF-induced ear angiogenesis and tumor angiogenesis.

-   On angiogenic VEGF stimulation, the miR-17--92 cluster targets PTEN to promote endothelial proliferation.

The angiogenic process involves a switch from normal quiescent vasculature to an activated state, by which ECs acquire a proliferative, migratory, and morphogenic phenotype. The miR-17--92 cluster has been linked to tumorigenesis and angiogenesis, but its role in VEGF-induced EC functions is unclear, and its regulation by this key angiogenic factor remains unknown. In this report, we elucidate the mechanism by which VEGF stimulates the expression of the miR-17--92 cluster in ECs. Furthermore, we provide evidence that this stimulation is important for promoting angiogenesis. We found that the endothelial miR-17--92 cluster participates in the regulation of both developmental angiogenesis and angiogenesis during adulthood. These data and previous studies suggest functional cooperation among the members of this cluster that can account for the complex biological functions of miR-17--92 in regulating angiogenesis.
